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In this paper, morphological, structural and magnetic properties of FeSiAl and NiFeMo flaky-shaped particles prepared by high-energy 
ball-milling were investigated. The as-milled powders were annealed at different temperatures with subsequent silica coating deposited on 
the surface of metal particles through hydrolysis and condensation of tetraethyl orthosilicate. The effect of the annealing treatment on 
structural parameters of FeSiAl and NiFeMo was evaluated by X-Ray diffraction peak broadening analysis. Static magnetic properties, 
i.e. coercivity and saturation magnetization measured by vibrating sample magnetometer (VSM) were analyzed with the respect to the 
grain size and internal stresses of FeSiAl and NiFeMo. Relative complex permeability spectra of composite membranes prepared by tape 
casting method and filled with as-annealed FeSiAl and NiFeMo flaky-shaped particles have been measured in the frequency range from 1 
MHz to 3 GHz.      
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1. Introduction 
There has been an increasing demand in the development of magnetic materials for high-frequency and microwave 
applications. Generally, these materials include high-purity iron, iron based alloys consisting of few components: binary 
(Fe-X), ternary (Fe-X-Y) or higher component systems, i.e. iron-silicon-aluminum, iron-cobalt, iron-nickel alloys, etc. One 
of the most widely used method for fabrication of such alloys is the mechanical alloying which leads to the formation of 
solid solutions with the magnetic properties vary linearly with the weight percent of the components. By varying the alloy 
components, one can achieve different properties, namely, FeCo alloys provide the highest saturation magnetization and 
high Curie temperature; FeSi alloys possess higher resistivity and lower magnetic anisotropy, while FeNi alloys have 
extremely low coercive force, higher permeability and saturation magnetization. The content of particular element in the 
alloy also results in diverse properties [1-3].  
Iron-silicon-aluminum alloys at or close to the composition of Fe – 85 % Si – 10 % Al – 5 % known as sendust were 
firstly developed at Tohoku University in Sendai, Japan in 1936 [4] named by its developers to reflect the fact that sendust 
is a brittle material in a powder or dust form. The introduction of silicon leads to the increase in electrical resistivity; 
reduces eddy-current losses and coercivity of the alloy. Iron-nickel alloys containing 40 – 90% of Ni, Fe and up to few 
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percent of Cu, Mo, Cr, Mn or Si called permalloys have attracted researcher’s attention from the viewpoint of their magnetic 
properties. Consequently, there is a considerable interest in exploiting sendust and permalloy powders to fabricate magnetic 
composite materials for high-frequency applications [5-8]. In order to suppress eddy-current effect, spherical powders were 
flattened by a mechanical milling into flakes with the thickness less than the skin depth [9]. However, the use of flaky 
particles leads to the undesirable high values of permittivity; therefore surface modification method consisting in coating of 
the particles with an insulating layer has been proposed [10]. 
The aim of the present work is to investigate the influence of the annealing treatment and surface modification on the 
structural and magnetic properties of FeSiAl and NiFeMo powders and composite membranes on the base of them.  
2. Experimental 
2.1. Materials  
Sphere-shaped sendust powder (Nippon, Japan) with the chemical composition of 84.5 wt. % Fe – 10 wt. % Si – 5.5 wt. 
% Al and permalloy powder with the composition of 80 wt. % Ni – 16 wt. % Fe – 4 wt. % Mo were used as starting 
materials.  
Silica coating of the particles was performed using tetraethyl orthosilicate (TEOS, Si(OC2H5)4) (95%, Sigma-Aldrich), 
absolute ethanol (200 proof, Fisher Scientific Co), and ammomium hydroxide solution (NH4OH, 28-30 % NH3 basis, 
Sigma-Aldrich) as SiO2 precursor, component for alkoxide solution and a catalyst for a sol-gel reaction of TEOS 
respectively. All chemicals were analytical grades and were used as received.  
Polyvinyl alcohol (PVA, Sigma-Aldrich) 5 wt. % water solution was used in tape casting method for composite 
membrane preparation.     
 
2.2.  Preparation  
Sphere-shaped FeSiAl and NiFeMo particles were flattened in a PM 400 Retsch planetary ball mill with a ball to powder 
ratio 10:1 at rotation speed of 100 rpm. Ball milling was performed for 36 hours at room temperature in ethanol to avoid 
agglomeration.  
As-milled powders were then annealed using vacuum furnace (Elite Thermal Systems; vacuum pump, Oerlikon leybold 
PT151). Annealing was performed at three different temperatures, 400°C, 600°C, and 800°C. FeSiAl and NiFeMo flaky-
shaped powders were heated at these temperatures for 2 hours and then cooled to room temperature in a vacuum furnace.  
The silica coating of FeSiAl and NiFeMo particles was achieved via the conventional sol-gel (Stऺber) method [11, 12]. 
FeSiAl and NiFeMo particles were dispersed in ethanol and ultrasonicated in order to break down agglomerates. Silica 
source solution was prepared separately by dissolving TEOS into ethanol solution. Thereafter, the catalyst solution of 
ammonium hydroxide was added to the mixture. Afterward, the suspension was stirred at 300 rpm for 2 hours to complete 
the reaction at 50°C. Particles were washed thoroughly with ethanol to remove any extraneous species and then dried at 
70°C. The amounts of TEOS, ethanol, NH4OH and H2O were calculated based on the surface area of the particles and the 
desired shell thickness, assuming complete conversion of TEOS into silica.  
FeSiAl and NiFeMo powders were dispersed in 5 wt. % PVA water solution and ultrasonicated by ultrasonication 
processor (Sonics vibra-cell VCX500) for 20 minutes at room temperature. Thus, powder/PVA solution was tape cast at 
50°C and after the complete evaporation of solvent the composite membrane was peeled off. The thickness of the composite 
membrane was about 100-150 ȝm. The weight concentration of FeSiAl and NiFeMo powders in a composite was more than 
80 wt. %. The volume fractions of FeSiAl and NiFeMo particles in composite membranes were estimated using the density 
of FeSiAl alloy (7.03 g cm-3), NiFeMo (8.77 g cm-3), and polyvinyl alcohol PVA (1.2 g cm-3). Densities of FeSiAl and 
NiFeMo alloys were calculated according to the alloy composition and density of the alloy components.  
In order to measure the electromagnetic parameters, composite membranes were punched into toroidal shaped samples 
using a metal cutter with outer and inner diameters of 7 mm and 3 mm respectively.  
 
2.3. Characterization 
The morphology of the sphere-shaped and as-milled powders was examined by scanning electron microscopy (SEM) 
using JEOL JSM-6340F field emission scanning electron microscope. To evaluate the coating layer thickness and to 
examine the effectiveness of the coating procedure, silica coated particles were observed by transmission electron 
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microscopy (TEM) mode of JEOL JSM-6340F operated at 30 kV. Particle size distribution was studied by Mastersizer 2000 
(Malveran, UK).  
The crystalline structure of pre- and post-annealed FeSiAl and NiFeMo powders was characterized by X-Ray Diffraction 
(XRD) analysis performed on Ultima IV, X-Ray diffractometer (Rigaku, Japan) employing Cu KĮ radiation (Ȝ=1.5418 Å) 
with an angle 2ș between 20° and 90°.  
Magnetic hysteresis loops were measured using the vibrating sample magnetometer (EV9, ADE, Magnetics, USA) at 
room temperature with an applied field up to 20 kOe.      
The relative complex permeability ȝ* = ȝ´-jȝ´´ and permittivity ѓ*=ѓ´- jѓ´´ values of the specimens were measured by 
two different methods, i.e. impedance and 7 mm coaxial line method. An impedance method was employed in the frequency 
range of 1 MHz to 3 GHz by using an RF Impedance/Material Analyzer (Agilent 4991A). Coaxial line measurements were 
carried out using an APC-7 coaxial transmission line fixture and Agilent N5230A vector analyzer. Toroidal samples were 
inserted into a coaxial line and the scattering parameters (reflection coefficient S11, transmission coefficient S21) were 
measured in the frequency range from 50 MHz to 18 GHz by a Vector Network Analyzer (VNA). The complex 
permeability and permittivity were calculated from the scattering parameters.   
3. Results and Discussion 
3.1. Morphology and particle size distribution 
Figure 1 represents the morphological changes in sphere-shaped FeSiAl and NiFeMo particles after 36 hours of ball 
milling. The morphology of the FeSiAl and NiFeMo flaky-shaped particles is nearly oblate with the thickness of the 
obtained flakes not exceeding 1 μm.  
 (a)  (b)  
 (c)   (d)  
Fig. 1. Scanning electron micrographs of FeSiAl and NiFeMo sphere-shaped [(a) FeSiAl, (b) NiFeMo] and flaky-shaped particles [(c) FeSiAl, (d) 
NiFeMo)].   
 In Fig. 2, the particle size distributions of the sphere-shaped FeSiAl and NiFeMo powders and as-milled flakes are 
determined using laser diffraction technique by measuring the intensity of the light scattered as a laser beam passes through 
dispersed particles. Sphere-shaped particles are characterized by their diameter, whereas flakes are described using multiple 
length and width measures by automated image analysis. The results are presented in volume distribution. The particle size 
distribution of the sphere-shaped particles ranges from 3 ȝm to 20 ȝm for FeSiAl particles, and from 4 ȝm to 11 ȝm for 
NiFeMo particles. The corresponding aspect ratio for flaky-shaped particles was 15:1 for FeSiAl and 25:1 for NiFeMo 
respectively.  
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 (a)  
    (b)  
Fig. 2. Particle size distribution for sphere-shaped and flaky-shaped FeSiAl (a) and NiFeMo (b) particles.  
3.2. Structural characterization  
In order to examine the phase structure of FeSiAl and NiFeMo flaky-shaped powders annealed at different temperatures, 
X-Ray diffraction (XRD) experiments were carried out as shown in Fig. 3. X-Ray diffraction profile of as-milled FeSiAl 
powders reveals the reflections of (110), (200), and (211) planes of body-centered cubic (bcc) Į-Fe. The diffraction patterns 
related to FeSiAl powder annealed at 400°C shows no additional peaks, which indicate that no significant changes in 
crystalline structure occurred. XRD patterns of FeSiAl powders annealed at 600°C and 800°C represents the appearance of 
three additional small peaks at 2ș ~ 29°, 32°, and 54° corresponding to the ordered D03 super lattice reflections of planes 
(111), (200), and (311). 
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Fig. 3. X-Ray diffraction patterns of as-milled and as-annealed FeSiAl (a) and NiFeMo (b) powders.  
 The main peak positions of NiFeMo corresponds to (111), (200), and (220) planes show a typical fcc (face centered 
cubic) structure. It was observed that the annealing has no significant influence on the X-Ray patterns of NiFeMo as-
annealed powders, apart from the fact that diffraction peaks become narrower and their intensities increase.  
The extent of broadening of the diffraction lines is determined by ȕ, the full width at half maximum intensity of the peak 
(FWHM), usually measured in radians (Table 1). The widths of diffraction peaks and crystalline sizes are related by 
Scherrer’s equation:  
TE
O
cos
Kd  
                                                                 
(1) 
 
where d is a crystalline size, K § 0.9  is Scherrer constant, Ȝ is a wavelength of the X-Ray used. The crystalline sizes of as-
annealed FeSiAl and NiFeMo flaky-shaped powders determined by the application of Scherrer’s formula to the 
characteristic peaks corresponding to (100) and (111) reflections respectively are presented in Table 1. However, the 
Scherrer’s method tends to underestimate the crystalline size as it does not take into account the broadening due to the 
lattice strain.  
In general, the broadening of diffraction peaks originates from crystalline size, lattice strain and instrumental error. 
Williamson-Hall method takes into account the broadening of the diffraction peak due to the grain size d and internal stress 
į by plotting the value of ȕ(2ș)cosș against 4sinș, where the internal stress can be obtained from the slope and grain size 
from the intercept on the vertical axis:  
TGOTTE sin4cos)2(  
d
K
                                                        
(2) 
Thus, Williamson-Hall analysis was performed for FeSiAl and NiFeMo flaky-shaped powders using available 
reflections. The results are shown in Table 1. 
 
 
3.3. Static magnetic properties  
The static magnetic properties of the as-milled and as-annealed FeSiAl and NiFeMo powders have been characterized by 
taking magnetic hysteresis loops at room temperature between -20kOe and 20 kOe (Fig. 4). FeSiAl powders annealed at 
400°C, 600°C, and 800°C show good soft magnetic properties. The coercivity is found to be 14.620; 10.568; 6.071; and 
5.156 for non-treated FeSiAl powder and powders annealed at 400°C, 600°C, and 800°C respectively. The coercivity of 
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NiFeMo powders shows a slight decrease from 7.57 to 7.29 at the early stage of annealing (up to 400°C) with subsequent 
increase to 9.25 at 800°C. 
Saturation magnetization and coercivity values of as-milled and as-annealed FeSiAl and NiFeMo powders obtained from 
these curves are summarized in Table 1.  
Fig. 5 shows a variation of the coercivity and saturation magnetization values of as-milled and as-annealed FeSiAl and 
NiFeMo powders with annealing temperature. The reduction of the coercivity values of FeSiAl powder by ~65% (from 
14.62 to 5.156) achieved with annealing is caused by the relief of internal stresses. The maximum value of the saturation 
magnetization of 119.81 in FeSiAl powder was achieved at 600°C due to phase transformation from disordered bcc Į-Fe to 
a long-range order D03 phase. In the case of NiFeMo powder, the coercivity decreases at the early stage when annealing 
temperature increases from the room temperature to 400°C, while for the temperatures above 400°C it increases due to the 
possible high level of residual stress induced by the ball milling and the dominant effect of grain size growth on the 
coercivity values.  
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Fig. 4. Magnified hysteresis loops of as-annealed FeSiAl (a) and NiFeMo (b) flaky-shaped powders.  
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Fig. 5. Change of saturation magnetization and coercivity as a function of annealing temperature for FeSiAl (a) and NiFeMo (b) flaky-shaped powders. 
3.4. Silica coating of the particles  
The use of the flaky-shaped particles in composite preparation leads to the higher values of permittivity caused by the 
enhancement of space-charge polarization between metal particles with increase of surface area and is undesirable for some 
applications. Therefore, surface modification of the particles is required. One of the most commonly used types of the 
coating is SiO2 coating. The morphology of the silica layer formed though hydrolysis and condensation of tetraethyl 
orthosilicate on the surface of sphere-shaped and flaky-shaped FeSiAl particles was examined by TEM (Figs. 6a, b). TEM 
micrographs reveal the formation of the SiO2 layer on the surface of FeSiAl particles, where brighter and darker parts 
correspond to the silica layer and FeSiAl particles respectively. The thickness of the coating layer is approximately 11-14 
nm. X-Ray patterns of the uncoated and SiO2 coated flaky-shaped FeSiAl powder confirms that the observed diffraction 
peaks correspond to bcc Į-Fe, and SiO2 layer is of amorphous state (Fig. 6c). Complex permeability and permittivity spectra 
of the composite membranes filled with the uncoated and SiO2 coated FeSiAl flaky-shaped powders are presented in Figs. 
6d, e. It was shown that the existence of SiO2 nanoshell does not affect the permeability values, but causes the reduction of 
permittivity.  
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Fig. 6. Transmission electron micrographs of the sphere-shaped (a) and flaky-shaped (b) SiO2 FeSiAl particles; X-Ray patterns of the uncoated and SiO2 
coated FeSiAl powders (c); permeability and permittivity spectra of the composite membranes with uncoated (d) and SiO2 coated (e) FeSiAl flaky-shaped 
particles.  
3.5. Magnetic spectra of FeSiAl and NiFeMo composite membranes  
Complex permeability spectra of composite membranes with 80 wt. % loading of as-annealed FeSiAl and NiFeMo flaky-
shaped particles are shown in Fig. 7. As it can be seen from the Fig. 7, in the case of FeSiAl, composites filled with as-
annealed flaky-shaped particles possess higher values of permeability. The real value of permeability μ´ for composite with 
FeSiAl annealed at 400°C is around 7 at the low frequency (1MHz-60MHz) and decreases with increasing frequency. The 
maximum values of the imaginary part μ´´ are achieved for the samples with FeSiAl annealed at 400°C and 600°C. 
However, for NiFeMo filled composite membranes the highest permeability values are obtained at 400°C, while the 
maximum values of μ´´ for NiFeMo powders annealed at 600°C and 800°C are smaller due to the relatively high coercivity 
values.  
43 Madina Abshinova /  Procedia Engineering  76 ( 2014 )  35 – 44 
(a)
106 107 108 109
-5
0
5
10
15
FeSiAl 36h 
 FeSiAl 36h 400oC
 FeSiAl 36h 600oC
 FeSiAl 36h 800oC
C
om
pl
ex
 p
er
m
ea
bi
lit
y
Frequency, GHz
     
(b)
106 107 108 109
-5
0
5
10
15
20
NiFeMo 36h 
 NiFeMo 36h 400oC
 NiFeMo 36h 600oC
 NiFeMo 36h 800oC
C
om
pl
ex
 p
er
m
ea
bi
lit
y
Frequency, GHz
 
Fig. 7. Magnetic spectra of composite membranes with 80 wt. % of as-annealed FeSiAl (a) and NiFeMo (b) flaky-shaped particles.  
Table 1. Static magnetic properties, grain size and internal stresses for as-milled and as-annealed FeSiAl and NiFeMo flaky-shaped powders. 
Composition Annealing 
temperature, °C 
FWHM, 
rad 
Grain 
size1, nm 
Grain 
size2, nm 
Internal 
stress į 
Saturation 
magnetization, 
emu/g 
Coercivity, 
Oe 
Fe84.5Si10Al5.5 non-treated 0.0115 13.08 38.95 0.00886 114.85 14.62 
Fe84.5Si10Al5.5 400 0.0091 16.63 69 0.00465 111.66 10.658 
Fe84.5Si10Al5.5 600 0.0055 27.30 70.76 0.00203 119.81 6.071 
Fe84.5Si10Al5.5 800 0.0026 57.78 71.26 0.0017 116.99 5.156 
Ni80Fe16Mo4 non-treated 0.0061 25.21 30.61 0.0021 70.12 7.57 
Ni80Fe16Mo4 400 0.0057 26.67 29.95 0.00178 76.74 7.29 
Ni80Fe16Mo4 600 0.0044 34.16 38.10 0.00516 75.59 7.93 
Ni80Fe16Mo4 800 0.0034 44.31 45.12 0.00767 78.41 9.25 
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Conclusions 
A scheme for the preparation of flaky shaped FeSiAl and NiFeMo alloy particles has been successfully demonstrated by 
using mechanical milling and annealing treatment combined with silica coating. The structural and static magnetic 
properties of the FeSiAl and NiFeMo flaky-shaped particles have been studied as a function of annealing temperature. 
Increase in the annealing temperature resulted in the grain size growth and decrease of the internal stress for FeSiAl flaky-
shaped particles which led to the reduction of coercivity values. As for the NiFeMo alloy flakes, the coercivity values 
increased above 400°C due to the dominating effect of grain growth on coercivity. The character of high frequency 
permeability spectra of FeSiAl and NiFeMo composites is in good agreement with the structural and static magnetic 
properties of as-milled and as-annealed powders. The results indicate that the proper annealing temperature is helpful to 
improve high frequency properties of FeSiAl and NiFeMo flaky-shaped membrane composites.  
  
Acknowledgements 
The author would like to thank Mr. Poo Ce Huang Jovan from Singapore Polytechnic for assistance in particle size 
analysis. This work has been carried out with the financial support of DRTech, Singapore (Project number R394000022422, 
Research on electromagnetic materials).   
References 
[1] O’Handley,  R.C., 2000. Modern Magnetic Materials: Principles and Investigations, Wiley Interscience.  
[2] McCurrie, R.A., 1994. Ferromagnetic Materials Structure and Properties, Academic Press.  
[3] Shokrollahi, H., 2009. The magnetic and structural properties of the most important alloys of iron produced by mechanical alloying, Materials and 
Design 30, p. 3374. 
[4] Masumoto, H., 1936. Science Report Tohoku Imp. University 25. 
[5] Liu, L., Yang, Z.H., Deng, C.R., Li, Z.W., Abshinova, M.A., Kong, L.B., 2012. High frequency properties of composites membrane with in-plane 
aligned Sendust flake prepared by infiltration method, Journal of Magnetism and Magnetic Materials 324, p. 1786.   
[6] Han, M., Liang, D., Rozanov, K. N., Deng, L., 2013. Microwave permeability and Mऺssbauer spectra of flaky Fe-Si-Al particles, IEEE Transactions on 
Magnetics 49, p. 982. 
[7] Shirakata, Y., Hidaka, N., Ishitsuka, M., Teramoto, A., Ohmi, T., 2008. High permeability and low loss Ni-Fe composite material for high-frequency 
applications, IEEE Transactions on Magnetics, 44, p. 2100. 
[8] Sakai, K., Wada, Y., Yoshikado, S., 2008. Composite electromagnetic wave absorber made of permalloy or sendust and effect of sendust particle size 
on absorption characteristics, PIERS Online, 4., p. 846. 
[9] Zhang, Zh., Wei, J., Yang, W., Qiao, L., Wang, T., Li, F., 2011. Effect of shape of Sendust particles on their electromagnetic properties within 0.1-18 
GHz range, Physica B, 406, p. 3896.  
[10] Yang, Z.H., Li, Z.W., Yang, Y.H., Liu, L., Kong, L.B., 2013. Dielectric and magnetic properties of NiCuZn ferrite coated Sendust flakes through a 
sol-gel approach, Journal of Magnetism and Magnetic Materials 331, p. 232. 
[11] Stऺber, W., Fink, A., Bohn, E., 1968. Controlled growth of monodisperse silica spheres in the micron size range, Journal of Colloid and Interference 
Science 217, p. 62. 
[12] Wang, G., Harrison, A., 1999. Preparation of iron particles coated with silica, Journal of Colloid and Interference Science 217, p. 203.   
 
